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Abstract 
Cu and NiCr metallic lattice materials of two different weaving patterns and densities were manufactured 
with a proprietary 3-D weaving process, and this study investigated their damping behavior.  The results 
of dynamic mechanical analysis (DMA) experiments demonstrate that the damping properties of the 
woven lattices are at least an order of magnitude greater than bulk samples of the same materials.  The 
woven metallic lattices were found to have damping loss coefficients comparable to many polymers, but 
with maximum use temperatures far beyond that of polymers.  The origin of the damping phenomenon 
is investigated experimentally and through the development of a damping model, and the importance of 
frictional and inertial damping are discussed.  
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Research on metal foams has demonstrated the potential of porous metals to enhance 
mechanical characteristics, such as energy dissipation [1–4], buckling mitigation [5–7], and bending 
rigidity (especially for sandwich panels [8]). The random pore structure of metallic foams [9] is contrasted 
with micro-architected materials, which have emerged as highly efficient materials with increased 
promise in multifunctional applications due to their controlled pore structure [10–16].  Three-dimensional 
(3D) weaving of metallic wires has recently emerged as an effective means of creating metallic micro-
architected “lattice materials”.  The pore structure may be tailored by designing the wire architecture to 
(for example) optimize fluid permeability [17], and wires may be bonded to create stiff micro-lattices [18].  
This work will examine the damping properties of these 3D woven metallic lattice materials.  
Vibrations that occur within high speed rotary devices, such as turbines, can lead to excess wear 
and fatigue [19], and measures to reduce vibrations within these components hold significant interest. 
Dissipation of vibrational kinetic energy under dynamic loading [20–22] is essential for the attenuation of 
unwanted vibrations and oscillations that can lead to premature failure. Although polymeric materials 
typically offer excellent damping properties, they are not feasible in high temperature environments and 
there is a need for non-polymeric materials that can dampen vibrations at high operating temperatures 
without the use of a damping fluid. 
Randomly oriented metallic wire mesh dampers were initially developed for use in the space 
shuttle main engine high-pressure fuel turbo pump [23].  The rotodynamic instability of the rocket engine 
turbopump, characterized by large and damaging subsynchronous whirling motions, was mitigated with 
a wire mesh mechanical damper that offered improved stability by reducing the reaction forces on the 
supports [23].  More recently, General Electric (GE) developed oil-free dampers for applications in 
turbomachinery [24,25]. A knitted mesh of interlocking loops of copper wires was compressed into a 
toroidal shape with 25% mesh density which was employed as a bearing support damper. The damping 
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of this component was shown to depend on the excitation frequency, and varied from 22% to 8% of critical 
system damping for frequencies ranging from 20 to 300 Hz. 
This research focuses on micro-architected metallic lattice materials manufactured through a 
non-crimp 3D weaving technique [26,27].  The lattice materials are made from  diameter wires of 
either OFHC Cu (oxygen free high conductivity copper) or Chromel-A (a NiCr alloy of 80% nickel and 20% 
chromium) (Figure 1). The weaving process essentially stacks pairs of orthogonally oriented warp and fill 
wires, which are then interlocked, in process, with a Z-wire that passes through the thickness (Figure 1 
and 2). Two different architectures were considered: a) a fully packed architecture, referred to as the 
‘dense’ weave; and b) a lower density architecture, referred to as a ‘light’ weave, where wires were 
removed in a pattern informed by topology optimization for fluid permeability and in plane shear stiffness 
[17,28].  The damping properties of these materials were measured over a range of frequencies from 1Hz 
to 200 Hz. 
The ratio of the loss modulus to the storage modulus was employed for damping 
quantification. This ratio is equivalent to the tangent of the phase lag, , between the force and 
displacement oscillations in the idealized spring and dashpot system (see p.60 in [29]), and it is referred 
to as the loss coefficient: 
  (1) 
Loss and storage modulus were measured using the DMA and were calculated from LS-DYNA simulation 
results based on the theory in [29] as: 
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(3) 
where is the displacement amplitude (maximum displacement), is the force at the peak 
displacement (in-phase reaction), and  is the force at the zero displacement (out-of-phase reaction) 
[29].   The loss coefficient can be approximated to other damping measures for single degree of freedom 
system as follows [29–32]:  
 (4) 
 
where is the dissipated energy per cycle, is the elastic energy at peak force, and  is the 
critical damping ratio.   The loss coefficient, , was experimentally measured with the DMA in order to 
characterize the overall damping properties of the material [33].  Computational simulations were then 
employed to investigate the damping mechanisms, specifically frictional energy dissipation and inertial 
effects, in order to estimate their relative contributions to the loss coefficient.  
Samples for these dynamic tests were prepared by wire electrical discharge machining (EDM) 
from the bulk woven material in order to minimize damage caused by the cutting process.  Samples were 
cut to widths of 10 and 15 mm and a minimum length of 25 mm. The unsupported length was 17.5 mm, 
and the remainder of the material was clamped in a single cantilever orientation in a TA Instruments 
Q800Dynamic Mechanical Analyzer (DMA) (Figure 1). The grips were tightened with one bolt per grip by 
applying 0.3 N-m torque.  Samples were subjected to a sinusoidal oscillation with an amplitude of 20 m. 
The amplitude was chosen to keep the internal wire stresses below their yield stress. The applied 
frequency varied from 1 to 200 Hz.   
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Figure 1. A) Metallic woven sample clamped in QA800 TA Instruments Dynamic Mechanical Analyzer, B) 
top view of the material, C) side view exhibiting non-uniform spacing between the wires.  Dynamic tests 
of NiCr woven samples were simulated using LS-DYNA software [34] in order to examine the energy 
dissipation mechanisms.  A model with the dimensions of 10 x 17.5 mm (matching the size of the DMA 
experimental samples) was generated with all wires explicitly included (Figure 2). Optical characterization 
of the manufactured samples revealed gaps between the wires (e.g., Figure 1c) and therefore multiple 
permutations of the wire positions were considered.  These included: (i) a tightly-packed, ‘perfect’ model 
where all wires are tangent and there are no unintended gaps between wire junctions, referred to as the 
zero-gap model; and (ii) a model featuring gaps in between all wires where the vertical gaps were varied 
(Figure 2).  Although the distribution of gaps in the manufactured sample is stochastic, as discussed in [18] 
and seen in Figure 1c, a simplification is made herein to assume a uniform gap sizes in each direction that 
are based on optical measurements of real samples. The mean spacing values from the optical 
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measurements that were employed in the model were 99 m in the warp direction, 10 m in fill direction, 
and 47 m vertical (z-direction) gaps between warp and fill wire pairs, shown to scale in Figure 2.  While 
neither of these models is exactly representative of a manufactured sample, since all wires are perfectly 
straight and free of residual stresses, the models nevertheless provide insight into the damping 
mechanisms at play in the 3D woven materials.  
 
Figure 2. Simulation of the woven metallic sample (clamped at far end, and subjected to oscillatory 
excitation at the near end). The model employs frictional contact. The dense weave architecture is 
shown with fill wires shaded blue, the warp wires shaded red, and the z-wires shaded green. 
The far end nodes in Figure 2 were fully clamped in order to achieve a fixed boundary. The 
oscillatory force load was imposed on the near end nodes via practically massless vertical elastic shell. The 
mass of the loading plate was less than 0.1% of the specimen’s mass in order to ensure that the loading 
plate’s inertia did not affect the simulation outcomes. A sinusoidal load at 70 Hz was applied to the top of 
the loading plate, such that oscillatory displacements of 20 m were achieved. Contact and friction 
between wires was captured through the use of the general contact algorithm (CONTACT AUTOMATIC 
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GENERAL [34]).  The static coefficient of friction  for NiCr was reported by Ouyang et al. [35] and 
dynamic coefficient of friction,  was measured using a reciprocating ball-on-plate test. The ratio 
of dynamic to static coefficient of friction is consistent with the ratios for other metallic materials in [36]. 
Transition from static to dynamic coefficient of friction was modeled using exponential decay function 
such that the dynamic coefficient of friction levels off at contact sliding with velocities larger than 25 mm/s 
as was observed in dynamic friction tests for other metallic materials such as mild steel [36]. The elastic 
modulus of NiCr was estimated to be E = 71 GPa  from tensile tests of a single NiCr wire.  Internal damping 
of the NiCr material was not considered in the model as it is negligible compared to the observed loss 
coefficients in the woven samples. 
The woven material samples were tested over a range of 1 to 200 Hz in a single cantilever beam 
orientation and exhibited loss coefficients that ranged from 0.18 to 0.26 (Figure 3).  Each sample was 
tested in four different orientations by flipping and rotating the samples between tests to ensure 
repeatability (a total of ~40 measurements) and no systematic frequency dependence was observed.  The 
measurements were then averaged over all orientations, samples, and frequencies.  An example of the 
measured loss coefficient for the light NiCr weave over a range of frequencies from 1-200 Hz is shown in 
figure 3.   
The experimental results indicate that the damping loss coefficients of the woven lattice materials 
are an order of magnitude greater than a solid sample of the same material. Loss coefficients ranged from 
0.24 to 0.26 for the Cu lattices and 0.18 and 0.19 for the NiCr lattices, which were all significantly greater 
than the value of 0.01 0.03 that was measured for solid Cu and literature values of 0.001 for solid NiCr 
[37]. 
44.0sf
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Figure 3. Averaged experimental loss coefficient, (damping) of the architected metallic woven 
materials.  Inset show the frequency dependence of the loss factor for the NiCr-light material which is 
representative of all of the samples. 
Simulations of the NiCr low-density lattice predicted absolute loss coefficients that were the right 
order of magnitude, but about half of the experimental values.  The fact that the simulations captured the 
more than 10X increase over bulk samples is encouraging and the observation that the simulated losses 
are systematically lower than the measured values points to the importance of stochastic irregularities in 
the underlying architecture on the dynamic response of woven lattice materials. The computational 
model (Figure 2) employed idealized geometries of the wires (all warp and fill wires were straight, and Z-
wires had 90° bends), while Figure 1 clearly shows that wires were not perfectly straight and were often 
in contact with other wires, despite the gaps between wires. Similarly, Zhao et al. [17] and Zhang et al. 
[18] have recently demonstrated that manufacturing irregularities and the stochastic nature of wire 
geometries need to be accounted for in order to accurately model the permeability and stiffness of these 
lattice materials. The models with idealized geometry were nevertheless, useful for a preliminary study of 

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the sensitivity of the damping loss coefficient on two key parameters: coefficient of friction and average 
gap size.  
The effect of the coefficient of friction on damping was found to be dependent on the assumed 
gap sizes.  As is illustrated in Table 1, doubling the coefficient of friction increased the simulated loss 
coefficient by one third for both the zero-gap model and when gaps were only incorporated in the warp 
and fill directions.  By contrast, simulations that included gaps in all three directions showed no 
appreciable change in the simulated loss coefficient when the friction coefficient was doubled.  Intuitively 
this result indicates that friction-based damping plays a significant role in a tightly packed lattices, while 
inertial-based damping becomes more prominent when larger gaps are present.  It is worth noting that 
the coefficient of friction for Cu (  [36]) is larger than that of NiCr ( [35]) and that 
the measured loss coefficients for the 3D woven Cu lattices were consistently and significantly higher than 
for the 3D woven NiCr samples. This suggests that even with inherent manufacturing irregularities, 
damping of 3D woven lattice materials is influenced by friction. 
Changes in the mean gaps sizes were further investigated and found to have a negligible effect on 
the simulated loss coefficient. A model using mean gap sizes similar to those present in the experimental 
samples exhibited a simulated loss coefficient of 0.06.  Doubling the z-direction gaps (from 47 to 94 
microns) decreased the simulated loss coefficient from 0.06 to 0.05.  Halving the z-direction gaps (from 
47 to 23.5 microns) also decreased the simulated loss coefficient from 0.06 to 0.05.  The variations 
between simulated loss coefficients indicated that inertial damping is not overly sensitive to gaps sizes, as 
long as there is space for the wire movement to occur. The experimental results clearly demonstrate that 
3D woven metallic lattice materials hold promise as damping materials. The majority of conventional 
materials with comparable loss coefficients, such as polymers, are restricted to significantly lower 
temperatures, and the availability of metallic lattices points to the possibility of damping at elevated 
1.1Cusf 44.0
NiCr
sf
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temperatures, particularly for NiCr whose maximum service temperature is 1200°C.  The combination of 
the damping properties of the materials measured in this work at room temperature with the maximum 
service temperature of the wire material is shown in figure 4.  If the damping properties of this material 
are maintained at its maximum service temperature, 3D woven metallic lattice materials would have 
damping properties of polymers at temperatures in which only high temperature metallic and technical 
ceramics are applicable. 
 
Figure 4. An Ashby plot of mechanical loss factor, , and maximum service temperature.  The high 
maximum service temperature of the NiCr weaves make it a strong candidate material extreme damping 
environements. 
 
It is worth noting that NiCr wires also exhibit excellent high temperature corrosion resistance due to the 
formation of a Cr2O3 layer that passivates the surface [38–40]. Guilemany et al. [41] have reported the 
ability to tailor the sliding wear properties of Cr3C2–NiCr coatings, which opens the door to improvements 
in the damping characteristics through further processing.  Moreover, the damping simulations point to 
influence that architectural variability has on the interplay between frictional and inertial damping, and 
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optimization of the underlying micro-architecture should lead to 3-D woven metallic lattice materials with 
increased and tunable damping properties.   
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Tables 
 
 
Table 1. Sensitivity of the simulated loss coefficient to wire spacing and the coefficient of friction in a 3D 
woven low density lattice of NiCr. 
Gaps No gaps 
Horizontal 
gaps only 
Average 
measured 
gaps 
Simulated gap 
spacings (microns) 
warp = 0 
fill =0 
z=0 
warp = 99 
fill =10 
z=0 
warp = 99 
fill =10 
z=47 
Measured coefficient  
of friction (fs = 0.44, 
fd = 0.20) 0.16 0.11 0.06 
Increased coefficient 
of friction (fs = 0.88, 
fd = 0.40) 0.21 0.15 0.06 
Comments 
Friction 
dominated 
Sensitive to 
friction 
Insensitive to 
friction 
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